Arsenic, cadmium, and lead have been associated with various forms of cancer, nephrotoxicity, central nervous system effects, and cardiovascular disease in humans. Drinking water is a well-recognized pathway of exposure to these metals. To improve understanding of the temporal dimension of exposure to As, Cd, and Pb in drinking water, we obtained 381 samples of tap and/or tap/filtered water and self-reported rates of drinking water consumption from 73 members of a stratified random sample in Maryland. Data were collected at approximately 2-month intervals from September 1995 through September 1996. Concentrations of As (range < 0.2-13.8 pg/L) and Pb (< 0.1-13.4 pg/L) were within the ranges reported for the United States, as were the rates of drinking water consumption (median < 0.14.1 Llday). Cd was present at a detectable level in only 8.1% of the water samples. Mean log-transformed concentrations and exposures for As and Pb varied significantly among sampling cycles and among respondents, as did rates of drinking water consumption, according to a generalized linear model that accounted for potential correlation among repeated measures from the same respondent. We used the intraclass correlation coefficient of reliability to attribute the total variance observed for each exposure metric to betweenperson and within-person variability. Between-person variability was estimated to account for 67, 81, and 55% of the total variance in drinking water consumption, As exposure (micrograms per day), and Pb exposure (micrograms per day), respectively. We discuss these results with respect to their implications for future exposure assessment research, quantitative risk assessment, and environmental epidemiology.
/ttpx//e.pnetl.nihs.nihrovfdocs/2000/108p731-735ryan/abstract.htnl Numerous metals have received attention as both environmental contaminants and potential toxicologic hazards. For example, arsenic, cadmium, and lead are extensively distributed in the environment (1) (2) (3) . Human activities have substantially altered the natural distribution of these metals in the environment, leading to potentially elevated concentrations of these metals in many environmental media. The occurrence of As, Cd, and Pb in drinking water is considered an important pathway of potential exposure for citizens of the United States and many other nations (4) (5) (6) .
The temporal dimension of exposure to these elements in drinking water is of interest because their toxicologic effects, such as cancer, kidney disease, and impaired cognitive function, are considered to result from chronic exposure rather than short-term exposure (7) (8) (9) . Improved understanding of chronic exposure to As, Cd, and Pb in drinking water can be expected to increase the precision and accuracy of health risk assessments performed for these metals.
Our objectives were to measure shortterm and prolonged (1 -year) average exposure to As, Cd, and Pb from ingestion of drinking water; to characterize the temporal variability of short-term exposure measures;
and to evaluate the reliability of short-term measures of exposure to assess long-term average exposure. We assessed exposure to the metals from repeated measurements of the analytes in drinking water samples collected from each member of the study population. These data are one component of a longitudinal investigation of chemicals in multiple media: The National Human Exposure Assessment Survey in Maryland (NHEXAS-MD).
Methods
Study design. A stratified random sample of 80 individuals selected from four contiguous counties in Maryland was enrolled in the study in September 1995. The NHEXAS-MD sampling strategy was designed to ensure adequate representation of urban, suburban, and rural residences as well as the racial diversity of the metropolitan Baltimore area. The area represented is the Baltimore metropolitan statistical area, which consists ofAnne Arundel County, Baltimore County, Baltimore City, and Queen Anne's County. We included an additional contiguous county, Talbot County, to ensure adequate representation of the rural stratum. Within each of these geographic regions, U.S. Census block groups were defined as urban (population density > 10,000/square mile) predominantly (> 50%) white; urban predominantly nonwhite; suburban (1,000/square mile < population density < 10,000/square mile) predominantly white; suburban predominantly nonwhite; and rural (population density < 1,000/square mile). There was no racial differentiation for the rural block groups. We selected five block groups within each stratum, with probability of selection based on the number of residents, for a total of 25 block groups. Our sampling frame was a list of residential telephone numbers obtained from a commercial vendor. Errors are introduced using this sampling frame, but these are considered small in comparison to other potential errors dictated by the final sample size. Our desired final sample size, based primarily on logistical limitations, was 50 households, or two per each block group. Given expected dropout rates, this required initial monitoring of 80 residences, or just over three per block group. We selected 20 homes per block group (500 total telephone numbers) to ensure a sufficient sampling frame. Telephone numbers were called randomly within each block group until the desired number within each block group was reached. We determined sample weights through reflection of the sampling design, with appropriate weights reflecting differential probability of selection from the initial population for each stratum. Actual sampling weights were fairly consistent across the 12 strata, suggesting that weighted and unweighted results should be similar. Specific weights for each participant and cycle combination can be obtained from the authors.
All participants provided informed consent under protocols approved by an institutional review board. MacIntosh et al. (10) As, Cd, and Pb, respectively. The ratio of the median absolute difference between duplicate pairs and the overall median concentration was 4% for As and 18% for Pb. For Cd, both values reflect the limit ofdetection (LOD) and the ratio is not meaningful.
Data analysis. To evaluate temporal variability of heavy metal exposure via drinking water, we restricted data reporting and analysis to participants from whom at least two sets of quality assured water sample and water consumption data were obtained. Metal concentrations below the DL were set to onehalf the DL. Metal exposure via beverage consumption, including those exposures that could be derived from drinking water (e.g., coffee), was assessed separately (11) .
We generated descriptive statistics for each variable for the complete data set and for each cycle. The (17) . In future research, we will examine the potential covariates of metal concentrations in drinking water such as water source and age of the residential structure.
The results presented in this paper are based on measurements of total As, Cd, and Pb in the drinking water samples-we did not obtain information on valence states or compounds of the metals. Inorganic forms of As are more toxic than numerous organic As species (9) . Inorganic forms ofAs account for essentially all of the As present in drinking water (18) . Thus, the present findings for As could be generalized to exposure to inorganic As with some confidence.
Temporal variability of concentrations and exposures. A clear seasonal pattern for metal concentrations or exposures has not been established by previous studies; nevertheless temporal differences have been apparent. A 12-month investigation in Snohomish County, Washington, reported that As varied from 2-to 19-fold over time (19) . Elevated values came from wells that previously did not contain high levels of As, suggesting a temporal variation in concentrations. A similar study found that monthly As concentrations varied between 0.20 and 0.60 ppm (20) . A study in Oregon concluded that seasonal fluctuations in As levels of well water were inversely associated with rainfall (21) . The degree to which these findings can be generalized to tap water drawn from surface water sources is difficult to assess because of the susceptibility of surface waters to nonpoint sources of pollution. In the current study, mean log-transformed concentrations of As and Pb in drinking water samples and exposure to As and Pb by consumption of drinking water varied significantly across sampling cycles. To explore more fully this form of temporal variability, the mixed models described earlier were fit to the 228 observations obtained from the 38 subjects that participated in all six sampling cycles; i.e., a balanced data set. Analyses of the reduced data set also indicate significant variability among cycles ofAs and Pb concentrations in drinking water, drinking water consumption, and Pb exposure via drinking water. Thus, there is no indication that results from analyses of the unbalanced data set influenced the findings regarding temporal variability of these measures in a meaningful way. Mean log-transformed As exposure, however, did not vary significantly (p = 0.3162) among cycles in the reduced data set. Results from the reduced data set should be interpreted with caution. The reduced sample size increases the standard error estimates by a factor of nearly 1.5 over those for the full data set. The loss of power due to the reduction in sample size may be reflected in increased p-values for effects. Additionally, the remaining observations may not be representative of the full sample because of differential dropout rates with respect to certain variables. For example, the four participants that exhibited the 14 highest exposures in the full data set did not participate in all six cycles, suggesting that the removed data differ from those retained in a fundamental way. Finally, the mixed model approach attempts to account for the missing data in an unbalanced design using an optimum modeling strategy that includes relationships observed among the various units in the available data. It would not be surprising, therefore, if some parameter estimates differed between the full data set and the reduced data set.
Substantial within-person variability of exposure to copper in drinking water was reported for a cohort of children in Sweden (22) . In that case, daily intake of copper varied several-fold among the 4 days on which data were obtained for each participant. We found a similar degree of intraindividual variability of exposure to Pb in the present study. For Nevertheless, if concentrations of As and Pb in drinking water vary systematically by season for a population, then timing of data collection should be considered in exposure and risk assessments (24) . Results of the NHEXAS-MD study suggest that the central tendency of As and Pb exposure via drinking water for a population may vary over time. However, the duration of the study was not sufficient to identify seasonal patterns. The value of additional information on systematic temporal differences in drinking water exposure to As and Pb should be evaluated in comparison to the cost of obtaining that information and the uncertainty about other inputs to the risk assessment procedure. Methods for performing value-of-information analyses are described elsewhere (25) .
Implications oftemporal variability. The temporal dimension of exposure to environmental contaminants is of interest because the nature and severity of a biologic response to an environmental challenge can be associated with the duration and timing of the exposure in addition to the magnitude of exposure. For example, the toxicologic effects of As and Pb, such as cancer and impaired cognitive function, are considered to result from chronic rather than short-term VOLUME 108 1 NUMBER 8 1 August 2000 * Environmental Health Perspectives Articles * Longitudinal ex osure to heavy metals in drinking water exposure. Statistical models of the relationship between short-term and long-term exposures have been explored by several investigators (26) (27) (28) (29) . Additional analysis of repeated measure data sets is needed to identify appropriate methods for describing these relationships and incorporating them into research and regulatory efforts.
The findings from repeated measure studies have implications for tools such as epidemiology and quantitative risk assessment that are used to evaluate the potential effects of environmental contaminants on human health. The proportion of total variability in the observed data that can be apportioned to between-person and withinperson variability is of particular relevance to epidemiology and risk assessment. We used the intraclass correlation coefficient of reliability (R) to apportion total variability in exposure measures between within-person and between-person variability. This approach is appropriate if the distribution of within-person errors is independent of longterm average exposure (14) . Analysis of residuals from the GLMs described earlier demonstrated that the fundamental assumptions of the classic error model are met by this portion of the NHEXAS-MD data set. As described elsewhere (30) (31) (32) , R can be used to evaluate the impacts of exposure measurement error due to temporal variability on a) misclassification in epidemiologic studies of disease and chronic environmental exposure; b) potential bias in estimates of the correlation coefficient, regression coefficient, relative risk, and other estimates of effect; and c) statistical power and sample size requirements.
Conclusions
Exposure assessment is a tool for assessing the potential harm a substance can elicit over time. Our results suggest that the timing of sample collection is a factor in measuring population exposure to As and Pb in drinking water. Repeated measures that span seasonal variation may provide more representative samples from which risk estimates and federal standards are derived. This work supports the hypothesis that observable within-person variability exists for As and Pb concentrations in drinking water, drinking water consumption, and As and Pb exposure. Intraindividual variability should be considered in the design, execution, and interpretation of environmental epidemiology studies of As and Pb. Additional research should be undertaken to improve understanding of temporal variability in exposure to As and Pb in drinking water and other potential exposure media. Such studies should include larger, more demographically diverse study populations and longer follow-up periods to allow for tests of periodicity of exposure.
